Gene function in cancer can be disrupted either through genetic alterations, which directly mutate or delete genes, or epigenetic alterations, which alter the heritable state of gene expression. The latter events are mediated by formation of transcriptionally repressive chromatin states around gene transcription start sites and an associated gain of methylation in normally unmethylated CpG islands in these regions. The genes affected include over half of the tumor suppressor genes that cause familial cancers when mutated in the germline; the selective advantage for genetic and epigenetic dysfunction in these genes is very similar. The aberrant methylation can begin very early in tumor progression and mediate most of the important pathway abnormalities in cancer including loss of cell cycle control, altered function of transcription factors, altered receptor function, disruption of normal cell-cell and cell-substratum interaction, inactivation of signal transduction pathways, loss of apoptotic signals and genetic instability. The active role of the aberrant methylation in transcriptional silencing of genes is becoming increasingly understood and involves a synergy between the methylation and histone deacetylase (HDAC) activity. This synergy can be mediated directly by HDAC interaction with DNA methylating enzymes and by recruitment through complexes involving methyl-cytosine binding proteins. In the translational arena, the promoter hypermethylation changes hold great promise as DNA tumor markers and their potentially reversible state creates a target for cancer therapeutic strategies involving gene reactivation.
INTRODUCTION
It is increasingly apparent that, in human cancers, heritable losses of gene function may be mediated as often by epigenetic, as by genetic, abnormalities (recent reviews in 1,2). The data, rather than fueling the old argument of whether cancer is an epigenetic or a genetic disease, in fact emphasize that synergy between these two processes drives tumor progression from the earliest to latest stages. Inclusion of epigenetic events in our concepts of how tumors evolve heightens our need to understand the basic nature of chromatin changes that set heritable states of gene function. Also, from a translational standpoint, it enriches the potential for molecular approaches to early tumor detection and profiling, and suggests new targets to consider for cancer prevention and therapeutic strategies. This review will highlight recent developments in all of the above arenas.
CHARACTERISTICS OF GENES HYPERMETHYLATED IN CANCER
The most widely studied epigenetic abnormality in tumorigenesis is the silencing of gene transcription associated with gains of DNA methylation in normally unmethylated gene promoter regions (1, 2) . Delineation of the specific genes affected by this process is receiving ever increasing emphasis, and searches by candidate gene and new genomic screening approaches (3) (4) (5) (6) are a growing presence in cancer research.
The genes hypermethylated in cancer
We have recently reviewed the growing list of hypermethylated genes identified in human cancers (1) and stressed that over half the genes that cause familial forms of human cancer, when mutated in the germline, are included. These genes, such as APC, BRCA-1, E-cadherin, LKB1, MLH1, p16 INK4a , Rb, VHL, etc., can exhibit this change in non-familial cancers and the selective advantage for loss of gene function is very clear in several ways (1) . First, for some of the genes, either mutations or the hypermethylation are observed in the same specific tumor types. Second, for several genes, tumor phenotypes predicted for loss of specific gene function accompany both the genetic and epigenetic changes. Third, the same disruption of key biological pathways can accompany either change.
The list of hypermethylated genes in cancer also includes many that are not fully documented tumor suppressors (1). Importantly, for some of these genes, the promoter methylation may be the only type of gene inactivation found in human cancer, since mutations for many of the genes are rare or have not been observed. The question then increasingly arises, as more strategies are employed to define hypermethylated loci in + To whom correspondence should be addressed. Tel: +1 410 955 8506; Fax: +1 410 614 9884; Email: sbaylin@jhmi.edu cancer, of whether promoter hypermethylation alone can pinpoint a gene as a tumor suppressor. In truth, the burden of proof for equating promoter hypermethylation with clonal selective advantage for tumor progression will always be more difficult than for gene mutations. Each hypermethylated gene identified must be carefully scrutinized for its role in the biology of a tumor type. This point is emphasized by recent observations that some genes may be altered as a group in tumors (6) , suggesting that promoter hypermethylation might be viewed as a process or processes in cancer biology, much like loss of mismatch repair function (7) . In this concept, the clonal presence of both microinstability and hypermethylation would reflect the importance of the 'process' itself to tumor development. Both critical and non-critical loci could be affected by either process and only those providing loss of key gene function would render selective advantage for tumor development.
Despite the above need for caution in interpreting the biological significance for hypermethylation of specific genes in cancer, both candidate gene and genomic scanning approaches (3, 5, 6, 8 ) may serve to identify key genes for tumor development and other biologic processes. For example, we have identified hypermethylated CpG islands as a guide for cloning candidate tumor suppressor genes in a chromosomal area frequently deleted in cancer, but in which genetic alterations have not identified a resident tumor suppressor gene (9) . The gene cloned, HIC-1 (10), proved to be a new member of a family of zinc-finger transcription factors important to developmental processes, to harbor very frequent promoter hypermethylation in many tumor types (9) (10) (11) (12) and to be upregulated by the p53 protein (10, 13) . While its role in cancer is still being investigated, subsequent studies revealed that mice with homozygous knock-out of Hic-1 die during embryogenesis, or perinatally, from a variety of developmental defects, some of which are found in a human genetic mental retardation syndrome (14) . HIC-1 resides in the obligate chromosome deletion associated with this disorder (14, 15) . Thus, screening for promoter hypermethylated loci in tumor DNA, and building databases designating the chromosome positions of these sites, could prove extremely valuable for defining genes important to cancer and other human diseases.
Timing of aberrant promoter methylation during tumor progression
Recent studies indicate that promoter hypermethylation is often an early event in tumor progression. The earliest stage appears to involve genes where promoter region hypermethylation increases in normal tissues as a function of aging. In fact, in the colon the genes with the highest incidence of promoter hypermethylation in tumors fall into this category and the agerelated curves for the increase in hypermethylation and risk of colon cancer are remarkably similar (6, 16, 17) . Interestingly, this group of genes does not include classic tumor suppressors (6, 16, 17) and many of the genes involved may not directly mediate tumor progression. However, some genes, such as the estrogen receptor where age-related hypermethylation in the colon was first described (16) , may be important to the modulation of cell growth and differentiation in the colonic mucosa. Loss of function for such genes may then provide a permissive background for subsequent cellular events to foster tumor progression.
Promoter hypermethylation for genes known to play a critical role in tumorigenesis, and which are unmethylated in normal tissues at all ages, can also be found quite early in tumorigenesis. These early epigenetic alterations can, in fact, produce the early losses of cell cycle control, altered regulation of gene transcription factors, disruption of cell-cell and cellsubstratum interaction and even multiple types of genetic instability, characteristic of human cancer (Fig. 1 ). For example, epigenetically mediated loss of p16 INK4a function appears to help by-pass early mortality check-points critical to the onset of cellular immortality in experimental systems of carcinogenesis (18) (19) (20) (21) (22) (23) and is also seen in early stages of naturally occurring tumors (24) (25) (26) (27) . Hypermethylation of the 'gatekeeper' gene for colon cancer, APC, critical for regulation of the β-catenin-TCF transcriptional pathway (28), has recently been recognized for a subset of colon cancers (29) . Similarly, p14 ARF gene hypermethylation may begin in pre-malignant colonic polyps (26) and thus determine how the metabolism of p53 and other proteins regulated by MDM2, the protein regulated by interaction with p14 ARF , is subsequently mediated during tumor progression (30, 31) . In terms of leading to specific genetic events fundamental to progression of tumors, hypermethylation of MLH1 is the most frequent change associated with micro-satellite instability in colon, endometrial and gastric neoplasia (32) (33) (34) (35) (36) . Also, early loss of expression of the repair enzyme gene, O 6 -MGMT, which guards against G→A mutations, accompanies promoter hypermethylation of this gene prior to stages where G→A mutations appear in the K-ras gene in colon cancer progression (37) . Finally, in terms of cellcell recognition events that can predispose to invasion, hypermethylation of the E-cadherin promoter frequently occurs in early stages of breast cancer (38) .
Differences between loss of gene function via genetic versus epigenetic changes
While we have emphasized the similarities for selective advantage for the same gene when affected by promoter hypermethylation and mutations, there are some fundamental differences between such genetic and epigenetic events that are potentially very significant for tumor biology. First, when genetic events are responsible for disruption of both alleles in the classic twohit paradigm for loss of tumor suppressor gene function, each event obviously produces a fixed level for loss of gene dosage. First genetic hits may potentially result in phenotypically functional haplo-insufficiency states (39) . However, in most instances, the onset of selective cell advantage does not occur without the complete loss of gene dosage produced by the second hit. In contrast, the loss of gene transcription associated with aberrant promoter CpG island methylation is, experimentally (40) , mediated by the density of methylation within the region. Recent data suggest that this density can increase over time of cell replications (41, 42) and thus be associated with increasing degrees of transcription loss. A range of evolutionary gene dosage effects, rather than the immediate and fixed loss of function, could then evolve. Thus, gene function loss in association with aberrant promoter methylation may manifest in a more subtle selective advantage than gene mutations during tumor progression.
Second, while promoter hypermethylation and associated gene silencing generally remain very stable in cancer cells (43) , these changes are, unlike mutations, potentially reversible. In fact, such epigenetic plasticity is an excellent candidate to mediate the dynamic heterogeneity of cell populations inherent to complex tumor traits such as metastasis. In this regard, most epithelial tumors are highly invasive, and the cells released can form metastatic foci, which grow within visceral organs. Loss of cellular E-cadherin, and the homotypic cell-cell contact that this protein mediates, highly facilitates initial tumor cell invasion in experimental systems. This protein is frequently lost in a cellularly heterogeneous pattern in native cancers (38) . However, the ability of the invading cells to form metastatic foci within distant organs may require re-expression of E-cadherin to allow tumor cells to form cell aggregates necessary for survival in a foreign environment (44) (45) (46) . These dynamics may explain why the heterogenous loss of E-cadherin is similar in both primary and metastatic tumor sites in the same patient (45, 47, 48) .
Mutations in the E-cadherin gene, which would, of course, produce homogeneous cellular loss of function, are uncommon except in patients with familial gastric cancer who inherit germline E-cadherin mutations, and in lobular breast carcinomas, a relatively uncommon tumor cell type. Interestingly, although these tumors are highly invasive, the resultant metastases spread along membrane surfaces rather than growing within underlying organs. In contrast, the heterogeneous loss of E-cadherin gene expression so common in most major epithelial cancers occurs in the absence of coding region mutations for the gene and in association with a similarly heterogeneous pattern of promoter region hypermethylation (38) . This promoter change is even allelically heterogenous in some long-term cultures of cancers. In such cultures, the most highly invasive cells have the heaviest promoter methylation (38) . In contrast, when the cells are forced to grow as cellular aggregates, which mimic intra-organ metastatic foci, methylation decreases regionally in the E-cadherin promoter and the cells regain E-cadherin expression (38) . Thus, environmentally controlled reversibility of aberrant promoter hypermethylation may, in some instances, play a major role in the cell population dynamics which foster key aspects of tumor behavior.
CHROMATIN FORMATION AS A MEDIATOR OF PATTERNS OF DNA METHYLATION AND GENE TRANSCRIPTION IN NORMAL AND NEOPLASTIC CELLS
One of the pressing issues in studying promoter DNA methylation in cancer is to understand how this DNA modification actually modulates gene expression. Central to this concept has been the pioneering work of Bird and co-workers (49-51) in Figure 1 . A model depicting the interaction between selected genetic and epigenetic events to drive the evolution of cancer. Although the model draws heavily on known events in colon cancer to illustrate key points, data from other epithelial tumors, and which may not be common in this specific tumor such as hypermethylation of E-cadherin, are included for completeness. In the tumor progression, a branch point is presented after emergence of the immortalized clone depicting colon tumors with (Min+) and without (Min-) the micro-satellite instability phenotype. For individual genes, genetic and epigenetic events known to be more common in DNA from either of these two types of tumors are depicted in larger letters. Specific aspects of the timing for gene inactivation events and predisposition of molecular changes fostered by these events are discussed in the text. defining a family of proteins (MBDs) that preferentially bind to methyl-cytosines, and have an inherent capacity to inhibit gene transcription. Most recently, two of these MBDs, MeCP2 and MBD2 have been shown in addition to participate in protein complexes that recruit transcriptional co-repressors, chromatin remodeling proteins and histone deacetylases (52) (53) (54) . Through such complexes, sites of DNA methylation could then target the formation of chromatin, including the deacetylated state of histones, which is typical for transcriptionally repressive domains (49) (50) (51) (52) (53) (54) .
The above dynamics of chromatin formation suggest that DNA methylation and histone deacetylation might work in concert to silence hypermethylated genes in tumors. Our own studies have, indeed, revealed that multiple such hypermethylated genes will not re-express in cancer cells with inhibition of HDAC activity alone, by agents such as trichostatin (TSA). However, this drug becomes effective for such purposes if minimal de-methylation of the involved promoters is first achieved with low doses of demethylating agents such as 5-aza-cytidine (55) . This paradigm is characteristic of other densely methylated genes including the mutated, hypermethylated, fragile-X gene (56) .
What is the mechanism underlying the above sensitization by demethylation of gene re-expression to TSA? Certainly, the loss of methylation might reduce the numbers of MBD complexes at a given locus leaving reduced amounts of HDAC to be inhibited by TSA. Also, loss of the transcription repression complexes might favor re-association with the gene promoters of transcription activation complexes with co-activators which possess histone acetylase activity. However, recent advances in our understanding of complexes and activities associated with the DNA methylating machinery itself may be important for full understanding of the process. During the past year, three groups have revealed that the most abundant of the mammalian DNA methyltransferases (DNMTs), DNMT1, can directly bind HDACs (57) (58) (59) . In addition, the N-terminus of this protein can bind transcriptional co-repressors and directly suppress, in a partially HDAC-dependent manner, gene transcription independent of the C-terminal methylation catalytic site (59) . Thus, demethylation of gene promoters, and the activity of DNMT inhibitors such as 5-azacytidine, could have complex effects on localization and activity of HDACs that had not been previously contemplated. It will now be essential to identify whether these DNMT1 complexes associate with specific gene loci in normal and neoplastic cells.
In addition to the role of DNMT1 in normal and malignant cells, we must now consider two additional biologically active mammalian DNMTs, 3a and 3b. Like DNMT1, these two proteins are essential for mammalian development (60, 61) , and studies of mouse development suggest that DNMT3a and 3b catalyze, principally, de novo patterns of methylation that arise during this period (60, 61) . However, the function of these latter two proteins, if any, in adult normal and neoplastic cells, is not yet known.
With respect to cancer cells, circumstantial evidence has suggested a role for DNMT1 in aberrant promoter methylation. Forced expression of this enzyme can yield, with multiple cell passages, hypermethylation of formerly unmethylated promoter region CpG islands (41) . However, our group has recently participated in the surprising finding that bi-allelic knockout of DNMT1 in cultured human colon cancer cells, while abolishing most of the DNA methylating activity in the cells, did not result in loss of aberrant methylation in multiple hypermethylated genes examined (62) . While this ability of the cells to maintain such methylation may be a product of the selection of cells especially equipped to function without DNMT1, the results stress that other DNMTs could participate in the abnormal methylation patterns seen in cancer cells. Certainly, DNMTs 3a and 3b become key candidates. These enzymes, like DNMT1, appear to be modestly up-regulated in tumor cells (63) . Perhaps, multiple DNMTs may collaborate to produce and maintain DNA methylation patterns in normal and neoplastic cells. Investigating the co-ordinate role of such a collaboration, especially with respect to the specific genomic loci hypermethylated in tumors, should yield much fruitful information over the next few years.
TRANSLATIONAL IMPLICATIONS OF PROMOTER REGION HYPERMETHYLATION IN CANCER
Even as the basic mechanisms underlying promoter hypermethylation and gene silencing are still being dissected, at least two important translational implications of the DNA change are already receiving increasing attention. The first involves new strategies for early tumor detection and prognosis prediction and the second involves prevention and treatment strategies that rely on the potentially reversible nature of epigenetically mediated altered gene function.
Promoter region hypermethylation-the ideal tumor marker?
In tumors from different patients, even of the same histologic type, mutations that disrupt gene function often vary in genomic position over a wide region. In contrast, the position of CpG island promoter methylation is constant within an individual gene. Potentially then, for all patients, a single primer strategy can be used to detect tumor-specific methylation changes in a given gene by recently developed sensitive, methylation-specific, PCR procedures (64) . Such assays could be applied to DNA obtained from distal sites such as serum, urine or sputum, even without knowing the methylation status of the marker directly in primary tumor DNA. This detection is facilitated by the fact that the PCR signal will be a positive, rather than a negative one, such as loss of allelic heterozygosity. These characteristics of promoter hypermethylation, coupled with the facts that this change often occurs early in tumor progression for the genes studied, and that all tumors appear to have one or more hypermethylated loci when panels of these markers are examined, renders this change potentially valuable as a DNA marker for sensitive early tumor detection.
Extremely encouraging support for the above hypothesis is being obtained in early, small proof of principal studies. Hypermethylated promoter loci have been detected with high specificity in serum DNA from patients with lung, hepatic, breast and other tumors (65) (66) (67) . Particularly exciting are recent studies of lung cancer patients where one of two hypermethylation loci were always positive in both tumor and sputum DNA, and were detected in the latter samples up to 3 years prior to clinical diagnosis (68) . Continued findings of this kind will justify larger and larger population studies of specific hypermethylation marker panels in individuals at high risk for specific tumor types.
Gene promoter hypermethylation changes may also provide markers for predicting specific aspects of tumor behavior. For example, hypermethylation of a gene for which loss of function has been correlated to high metastatic potential in an animal model correlates with lung cancer tumor virulence in patients (69) . In a recent study of brain tumors by our own group, the presence of hypermethylation of the promoter of a gene that encodes for a DNA repair protein highly correlated with response of the cancers to a chemotherapy agent that works through alkylation damage of DNA (70) . Thus, patterns of hypermethylated genes in specific cancer types may provide one means for building DNA profiles that predict key aspects of tumor behavior in individual patients.
The potentially reversible nature of loss of gene function associated with aberrant promoter methylation-a therapeutic target for cancer?
Unlike genetic changes in cancer, as we have previously discussed, epigenetic changes are potentially reversible. Reactivation of the silencing associated with promoter methylation for critical genes, such as p16, would be a highly desirable goal for reversing many aspects of the cancer cell phenotype. Indeed, even before the methylation changes in cancer were known to involve such gene promoters, demethylating agents such as 5-Aza C were being tried as chemotherapy agents. Several years of study have documented some efficacy in hematopoietic malignancies, especially studies by Lubbert (71) and Momparler et al. (72) . However, the mechanisms underlying the effectiveness of such drugs in the therapeutic setting have not been closely investigated. Also, considerable toxicity to areas such as the bone marrow (72) has been observed and can be limiting. Much of this toxicity could be unrelated to effects on methylation, such as production of DNA damage through creation of actual adducts between DNA and DNA-methyltransferases (73, 74) .
The recognition of promoter hypermethylation-associated gene silencing in cancer has spurred considerable new interest in gaining more specificity of drugs like 5-Aza C for DNA demethylation. Also, the recent findings that initial very modest de-methylation of such gene promoters can sensitize hypermethylated genes to reactivation with HDAC inhibitors (55) is already receiving attention in the clinic. A Phase I trial of this concept for all tumor types is actually underway at our institution using 5-Aza -C and the HDAC inhibitor, phenylbutyrate. The initial aim is to reduce the doses of 5-Aza -C for the drug combination, below levels that result in systemic toxicity, and to monitor the potential reactivation of key genes. Any observed clinical efficacy in studies of this type will help fuel the current interest in not only the basic biology of epigenetically mediated gene changes in cancer, but the potential for reversing these in patients for therapeutic purposes.
